Objective. To establish the incidence and characteristics of spontaneous spinal arthrodesis in the setting of lower lumbar spondylolisthesis. Summary of Background Data. Spontaneous spinal arthrodesis of lumbar spondylolisthesis is a fi nding that is not discussed in the literature outside of isolated case reports. Identifying spontaneous spinal arthrodesis may impact the surgical plan, as patients with existing fusion may not require instrumentation and might require more work to reduce their spondylolisthesis. Methods. We reviewed a consecutive series of 1490 lumbar spine computed tomography scans from the year 2010 for radiological evidence of spondylolisthesis at either L4-L5 or L5-S1. Patients were excluded if they had undergone previous lumbar surgery. Scans were assessed for the presence of spontaneous fusion based on the following criteria: (1) a solid bridging anterior or posterior vertebral body osteophyte, (2) contiguous bone formation from one vertebral body to another, or (3) contiguous bone across the facet joints bilaterally. Patients were characterized by demographic variables, radiological characteristics including type of spondylolisthesis, and presenting symptomology. Differences between patients in the fused and nonfused cohorts were compared with univariate analysis. Results. A total of 86 separate instances of spondylolisthesis were identifi ed, of which 18 (20.9%) had radiological evidence of spontaneous fusion. The most common site of fusion was in the bilateral facets, followed by directly in the intervertebral disc space, and bridging osteophytes adjoining the vertebral bodies. There were signifi cant differences between patients in the fused and nonfused
T he volume of spinal fusion surgical procedures in the United States has increased during recent years, with some estimating a 15-fold increase in complex spinal fusions between 2000 and 2007. 1 -3 This trend has created signifi cant controversy because many have questioned whether the benefi ts of instrumented fusion are worth the additional personal and fi nancial costs. 1 -3 As such, developing better predictors for which patients will benefi t from lumbar fusion is an important and continued question for researchers and clinicians.
One of the commonly accepted indications for fusion surgery is symptomatic lumbar spondylolisthesis with associated stenosis. In several randomized and nonrandomized trials, laminectomy with fusion has been shown to lead to better outcomes than observation or laminectomy alone. 4 -8 However, the radiological fi nding of spondylolisthesis alone is not an indication for surgery because an estimated 20% to 30% of older adults show some evidence of spondylolisthesis, many of whom are asymptomatic. 9 , 10 Hence, determining the degree of segmental instability has become an important factor in the decision to offer a fusion procedure. 11 , 12 Spontaneous spinal arthrodesis (SSA) of lumbar spondylolisthesis is a fi nding that has not been commonly discussed in the literature. In only several case reports have authors commented on the occurrence of nonoperative fusion in patients. 13 -16 Moreover, no study to date has established how commonly spontaneous fusion occurs in the adult population.
Given the paucity of data discussing the incidence of SSA, we set out to determine the prevalence and clinical characteristics of SSA in a consecutive series of patients with radiological evidence of spondylolisthesis.
MATERIALS AND METHODS
We evaluated a consecutive series of all patients who underwent a lumbar spine computed tomography (CT) scan between January 1, 2010 and December 31, 2010 at the Duke University Medical Center after approval from our institutional review board. The primary inclusion criteria of the study were as follows: (1) confi rmed presence of L4-L5 or L5-S1 spondylolisthesis on CT scan; and (2) scan technique adequate to assess SSA status at both L4-L5 and L5-S1 with coronal, sagittal, and axial images. Patients were excluded if they had a previous history of lumbar decompression or fusion surgery (either noted in the medical chart or visible on the scan). Notably, available CT scans were selected from our institution-wide digital database and reviewed scans were not restricted to patients undergoing evaluation by a spine surgeon. Moreover, patients were not included or excluded on the basis of scan indication or presenting symptoms.
Patients were then characterized according to age, sex, and presenting symptoms. On review of the CT scan, patients were characterized according to spinal level of spondylolisthesis, grade of spondylolisthesis, and if there was an associated defect at the adjoining pars interarticularis (isthmic). These images were evaluated for signs of SSA at the spondylolisthesis level as evidenced by the following: (1) a solid bridging anterior or posterior osteophyte along the vertebral bodies, (2) loss of intervertebral disc height with subsequent direct contiguous bony formation from the inferior aspect of one vertebral body to the superior aspect of the other, or (3) contiguous bony growth through the facet joints bilaterally. If a patient had evidence of fusion at the bilateral facet joints but also had adjoining bilateral pars defects, this was not treated as an instance of SSA.
To corroborate our results, we searched the records of patients with evidence of spontaneous fusion for any available fl exion/extension lumbar radiographs. Any movement between fl exion and extension views (translation greater than 0 mm or change in angulation greater than 0 ° ) was treated as evidence of segmental instability. CT scans and all available fl exion/extension fi lms were reviewed independently by 2 observers to ensure interobserver reliability.
Patients with signs of SSA were grouped together (fused cohort) and compared with the remaining patients (nonfused cohort) in univariate analyses of the collected covariates. Lesions were also classifi ed by spondylolisthesis level (L4-L5 and L5-S1) and analyzed separately to see whether there were any differences in the collected covariates between patients in the fused and nonfused cohorts. All covariates were summarized with counts and percentages or means and standard deviations as appropriate. Differences between fused and nonfused cohorts were compared using the Student 2-sample t test for parametric variables, the 2-population proportion Z test for proportions, and Pearson χ 2 test for categorical variables. All tests were 2-tailed and a signifi cance level of 0.05 was used as the threshold for statistical signifi cance.
RESULTS
A total of 1490 CT scans were reviewed, resulting in a total of 86 patients who met inclusion criteria. Overall, patients tended to be older (average age: 65.6 ± 17.8), with the majority tending to have lower grade of spondylolisthesis (84.0% with grade 1). We identifi ed 18 of these 86 (20.9%) lesions as having radiological evidence of SSA. There were significant differences between patients in the fused and nonfused cohorts in terms of average age (fused: 74.3 ± 10.7 yr vs . nonfused: 63.3 ± 18.6 yr, P = 0.019) ( Table 1 ) , sex (fused: 88.9% female vs . nonfused: 57.4% female, P = 0.013), and rate of pars defects (fused: 11.1% vs . nonfused: 35.3%, P = 0.047). We did not fi nd any differences between patients in the fused and nonfused cohorts in terms of spondylolisthesis level (L4-L5 vs . L5-S1, P = 0.741) or spondylolisthesis grade ( P = 0.140).
The most common site of fusion was in the bilateral facets (14/18, 78%; Figures 1A-C ), followed by bridging osteophytes adjoining the vertebral bodies (3/18, 17%; Figure 2 ) and directly in the intervertebral disc space (1/18, 6%; Figure 3 ). One patient had both a bridging osteophyte adjoining the vertebral bodies and evidence of fusion at the bilateral facets. Another patient had evidence of autofusion at both the L4-L5 and L5-S1 levels.
A total of 46 instances of L4-L5 spondylolisthesis were identifi ed (53.4% of overall cohort), with a SSA rate of 19.6% (9 of 46). When L4-L5 spondylolisthesis were analyzed separately, no statistically signifi cant differences were found between patients in the fused and nonfused cohorts in terms of age ( P = 0.130), sex ( P = 0.162), or grade ( P = 0.618) ( Table 2 ) .
A total of 40 instances of L5-S1 spondylolisthesis were identifi ed (46.5% of overall cohort), with a SSA rate of 22.5% (9 of 40). In contrast to the L4-L5 lesions, among the L5-S1 lesions, evidence of autofusion was associated with greater age (mean: 72.7 ± 10.5 vs . 55.9 ± 21.7 yr, P = 0.032) and female sex (fused: 88.9% vs . nonfused 48.4%, P = 0.031). Of note, patients with isthmic spondylolisthesis at L5-S1 (associated with an adjoining pars defect) were signifi cantly less likely to have evidence of SSA compared with patients with nonisthmic L5-S1 spondylolisthesis (isthmic: 2 of 25 = 8.0% vs . nonisthmic: 7 of 15 = 46.7%, P = 0.005).
Eight of the 18 patients with evidence of SSA had their CT scans ordered for symptoms thought to be related to chronic degenerative spine disease. For the remaining 10 patients, clinical indications for the scan included: acute onset back pain after a fall (5 patients), acute exacerbation of chronic back pain (2 patients), evaluation for concern of compression fracture (1 patient), evaluation for metastatic disease (1 patient), and no clinical indication available in the record (1 patient) ( Tables 3 , 4 radiological evidence of autofusion had available plain lumbar spine radiographs with fl exion and extension views as most patients were not evaluated further after the CT scan. Of these 4 patients with CT evidence of SSA, none had evidence of increased translation or angulation between fl exion and extension views.
DISCUSSION
Spontaneous autofusion of the lumbar spine is not a commonly discussed phenomenon in the literature, but nevertheless it has important implications for local segmental stability. In this study of 86 instances of spondylolisthesis, we found that 20.9% of cases have radiological evidence of SSA on CT scan. These fi ndings were corroborated by available data-none of the patients in the fused cohort had increased translation or angulation on fl exion/extension radiographs.
It should be noted that the 20.9% rate of SSA revealed in our data was higher than originally anticipated. It is important to recognize, however, that our study was deliberately designed to evaluate all spinal CT scans performed at our institution during the study period, not just those presenting for surgical attention. Thus, it is not unreasonable to suspect that patients who present for surgical evaluation would have a lower SSA rate as they are the ones who are symptomatic. Also, because not every patient being evaluated for spondylolisthesis necessarily obtains a preoperative CT scan and plain radiographical fi lms could potentially miss signs of SSA, many patients with signs of autofusion may be missed in current practice. Moreover, as part of this study, we included patients who had a contiguous bony osteophyte bridging the level of spondylolisthesis. This is not considered a traditional fusion location, and may not represent fusion as rigid as in other locations, which may also have increased our measured rate of SSA. When taking all of these factors into account, especially given the limits of the available corroborating data in this retrospective study, we fi nd it important to emphasize that more work is needed to better characterize these radiographical fi ndings in terms of their ability to predict true biomechanical stability and clinical presentation.
Nevertheless, the possibility that a signifi cant minority of patients with spondylolisthesis may already have spontaneously undergone fusion has several important implications for operative and nonoperative management. For symptomatic patients with associated stenosis, decompression and fusion is a standard treatment. 17 However, in the setting of SSA, a standard laminectomy, medial facetectomy, and foraminotomy without instrumentation becomes a viable surgical option that would not contribute to iatrogenic instability. This is assuming that the foramen could be adequately decompressed without need for reduction of the spondylolisthesis or need for treatment of segmental collapse and up/down stenosis. SSA may also have ramifi cations for achieving reduction of spondylolisthesis and improving lordosis and sagittal balance. 18 In the setting of SSA, more aggressive bone removal and possibly a combined anterior and posterior approach may be necessary to achieve correction. On the basis of the authors experience in operating on patients with SSA, this surgery may be more demanding to achieve a reduction given the extensive bridging bone.
It is interesting to note that many patients had symptoms referable to their lumbar spine in the presence of SSA of their spondylolisthesis, but we cannot further isolate the source of their symptoms to the spondylolisthesis in this retrospective series. In cases of true SSA, symptoms are not related to instability as they may be in general for patients with spondylolisthesis. We did not fi nd a difference in symptoms with patients with fusion versus no fusion. Further research is necessary to establish both the consistency of these fi ndings and the possible clinical implications.
To our knowledge, spontaneous fusion in spondylolisthesis has only been previously examined in a handful of case reports. In 2002, Nagashima et al 13 discussed the instance of a 14-year-old boy with discitis and grade 3 isthmic spondylolisthesis at the L5-S1 level. After treatment with antibiotics and 20 weeks of immobilization, the patient was determined to have spontaneous fusion at the L5-S1 level. Smorgick et al , 15 in 2008, discussed a similar case of a 13-year-old patient with grade 1 spondylolisthesis and adjoining disc space infection. After a prolonged course of antibiotic treatment, the patient did well and was found to have complete bony fusion after resolution of the infection. However, previous cases have not been isolated to the pediatric population. Ferrari et al , 14 in 2012, reported the case of a 44-year-old female with isthmic spondylolisthesis who eventually developed spontaneous arthrodesis during the course of 6 years of nonoperative care. Likewise, Di Martino et al , 16 in 2012, also described the case of a 36-year-old male, with long-standing L5 spondyloptosis, who went on to develop complete autofusion. As these cases demonstrate, spontaneous fusion of spondylolisthesis is still not fully understood.
The exact pathophysiology of spontaneous fusion remains unclear, but it is thought that it is similar to the osteogenic processes elsewhere. As such, immobilization, infl ammation, vascularization, and decortication are likely key factors in the process. 19 It is hypothesized that the changes of spondylolisthesis place additional stress on the facet joints and vertebral bodies, leading to local irritation, infl ammation, and subsequent dystrophic calcifi cation. These principles have been demonstrated in previous work investigating spontaneous fusion in rabbits. Korres et al 20 demonstrated that irritation to both vertebral endplates and the intervening disc space was suffi cient to induce spontaneous fusion in 66.7% of animals. Combined with data from the aforementioned case reports, these fi ndings suggest that local cortical damage and infl ammation are likely important drivers of SSA.
In this study, there was no difference in the rate of SSA between L4-L5 (19.6%) and L5-S1 (22.5%) spondylolisthesis ( P = 0.741). This result is interesting because instances of spondylolisthesis at these two levels commonly have different causes. L5-S1 spondylolisthesis is frequently isthmic with an associated defect of the L5 pars interarticularis; and 
➢ Key Points
In a review of patients with L4-L5 and L5-S1 spondylolisthesis, 20.9% had evidence of spontaneous fusion on CT scan. We detected no correlation with spinal level or grade of spondylolisthesis, but spontaneous fusion was associated with increased age and female sex. Further work is needed to better characterize the natural history and clinical-radiological correlation of SSA.
indeed in our study, 25 of the 26 isthmic pars defects were found at the L5-S1 level. 21 Meanwhile, L4-L5 spondylolisthesis tends to be more degenerative in nature and due to segmental instability after chronic joint remodeling. 22 SSA at L5-S1 was statistically more common in older individuals, whereas there was no difference in age between fused and non-fused patients in the L4-L5 cohort. These results make intuitive sense as isthmic spondylolisthesis often occurs in younger patients and late progression of slippage is uncommon. 21 , 23 Thus, these patients have had their pathology for longer periods of time and are more likely to have spontaneous fusion. It is more diffi cult to describe and explain the equally frequent SSA in the L4-L5 group, but it may occur as an end stage of the degenerative process. It should be noted that among patients with L5-S1 spondylolisthesis, there was a signifi cantly lower incidence of SSA in patients in whom we could identify a persistent isthmic defect. This is consistent with the traditional concept that patients with isthmic spondylolisthesis are potentially more unstable. Another argument is that some patients had undergone fusion of their isthmic defect similar to the process of SSA at the facet/body, resulting in similar immobilization. Overall, we found that the average age of patients in the fused cohort was greater. This may play a role in the development of SSA through increased age of the lesion. However, because the pathogenesis of SSA still remains unclear, these conclusions remain speculative at this time.
There are a number of factors that limit the interpretation of our study. First and perhaps most importantly, better clinical-radiological correlation is needed to establish whether radiographical evidence of SSA (compared with no fusion) of spondylolisthesis is associated with particular symptoms, symptom severity, and clinical outcomes after treatment. Correlating imaging with symptoms and treatment outcomes remains a consistent challenge in evaluating patients with all spinal diseases. 24 , 25 Similarly, further work is necessary to better establish the correlation between radiographical evidence of fusion on CT and segmental stability. A relatively small proportion of the patients in this study had fl exion and extension radiographs, but in general there is diffi culty in evaluating spondylolisthesis for instability on fl exion and extension views as slight obliquity of the fi lm could exaggerate or underestimate translation and using both modalities may be preferred. 26 Thus, although our series presents the fi rst systematic analysis of SSA in spondylolisthesis, additional work is needed to better characterize this phenomenon.
CONCLUSION
In this review of patients with L4-L5 and L5-S1 spondylolisthesis, 20.9% were found to have radiological signs of spontaneous fusion. When these patients were examined further, no correlation could be found between spontaneous fusion and spinal level or grade of spondylolisthesis, but spontaneous fusion was associated with increased age and female sex. Further work is needed to better characterize the natural history, biomechanical stability, and clinical-radiological correlation of spontaneous fusion in spondylolisthesis.
